The cornea is made of three cellular layers: epithelium, stroma, and endothelium. The latter is a 4-μm thick monolayer located on the inner side of the cornea responsible for maintaining corneal transparency by dehydrating the stroma. Human corneal endothelial cells (HCECs) do not regenerate in vivo to a significant degree, arresting in G1-phase of the cell cycle.^[@i1552-5783-57-6-2749-b01],[@i1552-5783-57-6-2749-b02]^ Human corneal endothelial cell density gradually decreases with age from approximately 4000/mm^2^ in newborns to approximately 2300/mm^2^ in the elderly,^[@i1552-5783-57-6-2749-b01],[@i1552-5783-57-6-2749-b03][@i1552-5783-57-6-2749-b04]--[@i1552-5783-57-6-2749-b05]^ and is further reduced by surgical trauma.^[@i1552-5783-57-6-2749-b06][@i1552-5783-57-6-2749-b07]--[@i1552-5783-57-6-2749-b08]^ Additionally, HCEC survival and function are reduced in genetic diseases such as Fuchs\' dystrophy.^[@i1552-5783-57-6-2749-b09][@i1552-5783-57-6-2749-b10][@i1552-5783-57-6-2749-b11]--[@i1552-5783-57-6-2749-b12]^ When corneal endothelial cell density reaches a critical low, the stroma swells with edema, becomes painful, and generates a form of corneal blindness.^[@i1552-5783-57-6-2749-b13][@i1552-5783-57-6-2749-b14]--[@i1552-5783-57-6-2749-b15]^

Full transplant of all corneal layers (penetrating kerastoplasty \[PK\]), and in the past decade, the selective replacement of only the damaged endothelium layer (Descemet\'s stripping endothelial keratoplasty \[DSEK\])^[@i1552-5783-57-6-2749-b16]^ and newer variants such as Descemet membrane endothelial keratoplasty, DMEK,^[@i1552-5783-57-6-2749-b17]^ and Descemet membrane endothelial transfer (DMET)^[@i1552-5783-57-6-2749-b18],[@i1552-5783-57-6-2749-b19]^ are the main surgical treatment options for corneal endothelial dysfunction.^[@i1552-5783-57-6-2749-b20][@i1552-5783-57-6-2749-b21][@i1552-5783-57-6-2749-b22]--[@i1552-5783-57-6-2749-b23]^ However, there is a worldwide shortage of donor corneas, and complicated surgical techniques require infrastructure and access to highly trained specialists. Even in optimal conditions, the procedure is accompanied by surgical risks related to infection and inflammation, and immune rejection.^[@i1552-5783-57-6-2749-b24]^ Therefore, along with attempts to enhance corneal endothelial function by the use of topical therapies,^[@i1552-5783-57-6-2749-b25][@i1552-5783-57-6-2749-b26][@i1552-5783-57-6-2749-b27]--[@i1552-5783-57-6-2749-b28]^ a cell therapy approach based on in vitro expansion of HCECs from cadaveric corneas has been proposed as a solution.^[@i1552-5783-57-6-2749-b29][@i1552-5783-57-6-2749-b30][@i1552-5783-57-6-2749-b31][@i1552-5783-57-6-2749-b32]--[@i1552-5783-57-6-2749-b33]^ Two fronts are being simultaneously investigated: transplant of tissue-engineered corneas, in which HCECs are seeded onto biological or synthetic scaffolds and transplanted as a sheet; and the injection of a suspension of HCECs in the anterior chamber that will attach to the host endothelium or Descemet\'s membrane. In order to address either approach, robust isolation methods and in vitro expansion and characterization of functional HCECs become critical.

Currently, one of the most widely used isolation techniques, a 2-step peel-and-digest nonenzymatic procedure,^[@i1552-5783-57-6-2749-b34]^ yields reasonable HCEC numbers, but is prone to contamination by stromal keratocytes, and fibroblastic conversion, also known as endothelial-to-mesenchymal transition (EnMT), becomes evident in early passages.^[@i1552-5783-57-6-2749-b34],[@i1552-5783-57-6-2749-b35]^ Endothelial-to-mesenchymal transition results in the disruption of the cellular monolayer, loss of cell-cell contact inhibition, as well as changes in the extracellular matrix composition, cell morphology, and function.

Thus, determining potential markers that differentiate cultures with a minimum of EnMT may allow for the identification of the HCECs with highest function and selection of high-quality HCEC subpopulations to be specifically expanded for cell therapy treatment of corneal endothelial dystrophies. Here, we isolate, expand, and characterize functional HCECs in vitro as a first step towards a cell therapy.

Materials and Methods {#s2}
=====================

Donor Tissue {#s2a}
------------

Human cadaveric donor corneas not suitable for transplantation and preserved in Optisol-GS (Baush & Lomb, Rochester, NY, USA) were procured from the Lions Eye Institute for Transplant and Research (Tampa, FL, USA), the National Disease Research Interchange (NDRI; Philadelphia, PA, USA), Eversight (Ann Arbor, MI, USA), and the San Diego Eye Bank (San Diego, CA, USA). Donor confidentiality was maintained by the eye banks and by this laboratory according to the tenets of the Declaration of Helsinki. The age of donors ranged from 2 to 77 years, with preference for donors under 50-years old and endothelial cell counts above 2000 cells/mm^2^. Corneas from donors undergoing chemotherapy at the time of death and with history of diabetes or sepsis were excluded. The time from death to preservation was on average 13 hours and primary cultures of HCECs were initiated within 14 days of preservation in Optisol-GS ([Supplementary Table S1](#i1552-5783-57-6-2749-s01){ref-type="supplementary-material"}). A total of 85 corneas were used for this study.

Human Corneal Cell Culture {#s2b}
--------------------------

Primary HCECs were cultured following a previously described method.^[@i1552-5783-57-6-2749-b36]^ Briefly, corneas were rinsed three times in M199 medium (Gibco, Rockville, MD, USA) with 50 μg/mL gentamicin (Gibco). Pieces of endothelium attached to Descemet\'s membrane were stripped off and stabilized overnight at 37°C in 5% CO~2~ in growth medium containing: OptiMEM-I (Gibco), 8% fetal bovine serum (FBS; Hyclone, Logan, UT, USA), 5 ng/mL human recombinant endothelial growth factor (PeproTech, Rocky Hill, NJ, USA), 20 ng/mL human recombinant neural growth factor (PeproTech), 100 μg/mL bovine pituitary extract (Biomedical Technologies, Stoughton, MA, USA), 20 μg/mL L-ascorbic acid (Sigma-Aldrich Corp., St. Louis, MO, USA) or 0.5 mM L-ascorbic acid 2-phosphate (Sigma-Aldrich Corp.), 200 mg/L calcium chloride (Life Technologies, Carlsbad, CA, USA), 0.08% chondroitin sulfate (Sigma-Aldrich Corp.), 50 μg/mL gentamicin (Gibco), and 1× antibiotic/antimycotic solution (Life Technologies). The next day, the tissue was rinsed in Hanks\' Balanced Salt Solution (Gibco) and incubated in 0.02% EDTA (Sigma-Aldrich Corp.) for 1 hour at 37°C. Cells were released by passing the tissue 15 to 20 times through a glass pipette and then were resuspended in growth medium. Clinical grade reagents were used whenever available. Isolated cells and remaining strips of Descemet\'s membrane from a single cornea were plated in a 3.8-cm^2^ tissue culture plate precoated with FNC Coating Mix (Athena Environmental Sciences, Inc., Baltimore, MD, USA); this was considered passage 0 (P0). All cultures were incubated at 37°C in a 5% CO~2~, humidified atmosphere. Medium was changed every other day. For each cornea, the time from plating (day 0) to next passage (80%--90% confluency) was recorded. Cell passaging was performed by digesting confluent cultures with 0.05% Trypsin (Gibco) for 5 minutes at 37°C in 5% CO~2~, and cell viability was evaluated by Trypan Blue exclusion assay (Sigma-Aldrich Corp.). Corneal stromal keratocytes were isolated and cultured as described by Stramer et al.^[@i1552-5783-57-6-2749-b37]^ Briefly, human corneas were washed twice with M199 medium with 50 μg/mL gentamicin. After the endothelium and the epithelium were removed, the central stroma was cut with an 8-mm biopsy punch (Sigma-Aldrich Corp.), and rinsed three times in PBS. Stromal discs were minced into small pieces and seeded in culture plates. Once firmly attached, cells were kept at 37°C and 10% CO~2~, and fed every other day with Dulbecco\'s modified Eagle\'s medium supplemented with 10% FBS (Invitrogen) and 50 μg/mL gentamicin (Gibco). Cultures were imaged in an Axio Observer A1 phase-contrast microscope (Carl Zeiss Microscopy, GmbH, Oberkochen, Germany).

Immunohistochemistry {#s2c}
--------------------

Human corneal endothelial cells were cultured on FNC-coated glass coverslips (Carolina Biological Supply Co., Burlington, NC, USA) placed in 24-well plates. At approximately 90% confluence, cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 10 minutes and rinsed three times with PBS. Blocking and permeabilization were performed at room temperature for 30 minutes using 20% normal goat serum and 0.2% Triton X-100 in antibody buffer (150 mM NaCl, 50 mM Tris base, 1% BSA, 100 mM L-lysine, 0.04% Na azide \[pH = 7.4\]). Primary antibodies were diluted in antibody buffer and incubated overnight at 4°C. The primary antibodies used were: anti--ZO-1-Alexa Fluor-594-conjugated (1:100; Life Technologies) and anti-human Na^+^/K^+^/ATPase (1:50; Millipore, Billerica, MA, USA). After three washes in PBS, coverslips were incubated in secondary antibodies diluted 1:500 in antibody buffer for 2 hours at room temperature or at 4°C overnight, rinsed three times with PBS, mounted in Vectashield with 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA), and imaged using the upright fluorescent microscope Axio Imager Z1 or the confocal microscope Zeiss LSM700 (Carl Zeiss Microscopy).

Flow Cytometry {#s2d}
--------------

Cultured HCECs presenting canonical, fibroblastic, and mixed morphologies were trypsinized and dissociated into single cells, and counted using a Neubauer chamber. One hundred thousand cells condition were resuspended in 100 μL Opti-MEM-I without phenol red (Gibco) and 5% FBS. Cells were incubated in the dark at room temperature for 30 minutes with a combination of the following mouse anti-human monoclonal antibodies: CD56-APC, CD90-FITC, CD90-PE, CD90-Cy7, CD166-PE, CD73-FITC, and/or CD109-PE (all from BD Biosciences Pharmigen, San Jose, CA, USA), mouse anti-human CAR-PE, unconjugated mouse anti-human CD248 (Millipore), and human unconjugated Na^+^/K^+^ ATPase (Abcam, Cambridge, UK). A maximum of three antibodies were used per sample. All the primary antibodies were used at a 1:20 dilution. After incubating the cells with anti-CD248 or anti-α1 Na^+^/K^+^ ATPase, they were stained with 5% Brilliant Violet 421 goat anti-mouse IgG secondary antibody (BioLegend, San Diego, CA, USA) for 15 minutes in the dark. Flow cytometric data was acquired using a BD Facs Canto flow cytometer and FACSDiva software (BD Biosciences, San Jose, CA). For each run, voltages were adjusted using an unstained HCEC control sample and single color positive controls (anti-mouse beads, stained with one single antibody: AbC Anti-Mouse Bead Kit; Invitrogen). Computer compensation was applied during data acquisition. Data was stored in a FCS file format, and further analysis was performed using FlowJo V X.0.7 (FlowJo LLC, Ashland, OR, USA). Briefly, a viable HCEC population was isolated by gating on the FSC-A versus SSC-A dot plot (population 1). Doublets were excluded by performing two consecutive additional gatings (FSC-A versus FSC-W, "population 2" and SSC-A versus SSC-W, "population 3"). To quantify the expression of each marker, population three of each sample was used to create a fluorescence histogram. An overlay of the positive histogram and the negative control histogram was created for each fluorophore. Three gates including 0.1%, 1%, or 10% of the negative population were selected, and the percentage of positive cells present in these gates was assessed. The threshold of 1% best highlighted the changes of marker expression between canonical, mixed, and fibroblastic cell populations, and therefore was selected for subsequent analysis. Given the similarity of unstained canonical and fibroblastic HCECs when analyzed by flow cytometry, either canonical or fibroblastic HCECs were used as negative controls for each run.

To compare the expression of CD56 to other markers (CD109, CD248, and CAR), a quadrant dot plot was created, using the negative control population three to determine the limits of the four quadrants. The percentage of cells inside each quadrant was quantified as labeled in each graph.

RNA Isolation {#s2e}
-------------

Cultured HCECs in passage 0 and whole donor corneas were used for RNA extraction. Fresh donor corneas stored in Optisol-GS (Baush & Lomb, Rochester, NY, USA) were minimally processed and the epithelial, stromal, and endothelial layers were isolated. Ribonucleic acid extraction from donor corneas and cultured HCECs was performed using the RNEasy Kit (HCECs, endothelium, and epithelium; manufacturer\'s protocol; Qiagen, Valencia, CA) or Trizol (stroma^38^). Purified RNA was quantified and analyzed with a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Ribonucleic acid samples were stored at −80°C until used.

Transendothelial Electrical Resistance (TEER) {#s2f}
---------------------------------------------

Per transwell, 20,000 cells were seeded in 24-well plates (6.5-mm diameter, 0.4-μm pore; Costar, Corning, NY, USA), previously coated with FNC. Transendothelial electrical resistance was measured with an EVOM2 epithelial volt-ohmmeter (World Precision Instruments, Sarasota, FL, USA) for 30 days or until readings reached a steady state, whichever happened first. Transendothelial electrical resistance measurements were normalized to the value of the control wells (growth media without cells). The reported values represent the average reading of at least three wells per condition. A bovine corneal endothelial cell line (BCEC) was used as a positive control (ATCC CRL-2048, Manassas, VA, USA) and fibroblastic HCECs were used as a negative control.

Microarray Analysis {#s2g}
-------------------

Ribonucleic acid from at least three biological replicates was independently collected as described above and its quality was assessed with NanoDrop (Thermo Scientific) and confirmed with RIN (RNA integrity number) at the University of Miami Center for Genome Technology (Miami, FL, USA). Amplification and processing for hybridization to GeneChip Human Gene ST 1.0 arrays (Affymetrix, Santa Clara, CA, USA) were performed at the University of Miami Center for Genome Technology (Miami, FL, USA) following standard protocols. Data were normalized with Genespring 12.0 (Agilent, Santa Clara, CA, USA) and filtered by intensity. Probes between the 20th and 99th percentile range in at least two of three samples per condition were included in the analysis. Statistical comparison between conditions was performed using unpaired Student\'s *t*-test with Benjamini-Hochberg correction for multiple testing. Final data analysis was conducted using Excel software (Microsoft Corporation, Redmond, WA, USA) and GeneGo (Thomson Reuters, Philadelphia, PA, USA).

Statistical Analysis {#s2h}
--------------------

Data are expressed as mean ± SEM unless noted otherwise. Statistical analysis was performed using unpaired, 2-tailed Student\'s *t*-test; *P* less than 0.05 was considered statistically significant.

Results {#s3}
=======

Isolation and In Vitro Expansion of HCECs {#s3a}
-----------------------------------------

We first asked whether HCECs in vitro maintain the characteristics observed in vivo, namely cell--cell contact inhibition and the canonical cobblestone-like or polygonal morphology. Corneal endothelial cells were isolated and cultured from cadaveric donor corneas following a previously published method^[@i1552-5783-57-6-2749-b36]^ outlined in [Figure 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}A. Cells cultured at high density and for a lower number of passages often formed a monolayer with polygonal "canonical" morphology ([Figs. 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}B--E). Typically, the canonical morphology was maintained until passage three or four, similar to previous observations.^[@i1552-5783-57-6-2749-b29],[@i1552-5783-57-6-2749-b39]^ At later passages, cells often underwent EnMT, exhibiting fibroblastic morphology, and losing cell--cell contact inhibition ([Fig. 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}F). An exceptional culture from a 15-year-old donor was cultured up to passage 10 without signs of fibroblastic conversion, but at passage 12, senescence was evident ([Fig. 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}G) as cells became enlarged and proliferation rate dramatically decreased (not shown). Overall, HCECs from younger corneas, cultured in vitro, were expanded for 3 or 4 passages, with each cornea yielding a variable number of total cell progeny ([Fig. 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}H) that may be adequate to treat several patients.

![Human corneal endothelial cells isolation and culture. (**A**) Outline of the HCEC isolation and primary culture. (**B**--**G**) Bright-field micrographs of cultured HCECs at different passage (P) numbers. Primary cultures of HCECs often demonstrated the distinctive cobblestone-like morphology until P3 or P4 (**B**--**E**); at later passages (**F**) fibroblastic conversion was common. (**G**) An exceptional culture maintained canonical morphology to P10, but by P12 showed senescent characteristics including lengthened cells and slowed growth rate. *Scale bars*: 50 μm. (**H**) Cell yields after expansion of HCECs from corneas of young donors for three or four passages. (**I**) Scatter plot of the time to confluency in relation to donor age: HCECs cultured from younger donors (average age: 22 years old; range, 0**--**34 years; *n* = 35) showed significantly greater proliferation rates (\*\*\**P* \< 0.0001) compared with older donors (average age: 50 years old; range, 35**--**77 years; *n* = 20). (**J**) There is a weak correlation between HCEC density and in vitro proliferation (*r*^2^ = 24%), but the correlation is statistically significant (*P* = 0.0002). (**K**) There was a statistically significant difference between corneal endothelial density measured before enucleation in younger donors (average endothelial cell density: 3181.6 mm^2^; range, 2571--4425 mm^2^; *n* = 30) compared with older donors (average endothelial cell density: 2761.5 mm^2^; range, 1969--2865 mm^2^; *n* = 11; *P* = 0.02).](i1552-5783-57-6-2749-f01){#i1552-5783-57-6-2749-f01}

We asked whether the age of the donor influenced culture quality, as has been previously suggested.^[@i1552-5783-57-6-2749-b34]^ We looked at the time to reach confluency from passage 0 (P0) to passage 1 (P1) and found that corneas from younger donors (2- to 34-years old) took, on average, 11 days to become confluent, whereas corneas from older donors (38- to 77-years old) took 19 days ([Fig. 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}I). We also found a weak but significant correlation between initial endothelial cell density and time to confluency ([Fig. 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}J). Finally, there was a significant difference in initial endothelial cell density between corneas from young donors (2- to 34-years old: average endothelial cell density: 3181.6 mm^2^; range, 2571--4425 mm^2^; *n* = 30) and those from older donors (38- to 77-years old: average endothelial cell density: 2761.5 mm^2^; range 1969--2865 mm^2^; *n* = 11). Tissue from younger donors had significantly higher endothelial cell counts compared with older donors (*P* = 0.02; [Fig. 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}K). We generally observed that cultures from younger donors demonstrated better attachment and a more uniform morphology. However, cultures from young donors with sepsis or undergoing chemotherapy were not successful, suggesting a direct relationship between HCEC culture outcome and donor age and health.

Identity and Function of HCECs In Vitro {#s3b}
---------------------------------------

There is a paucity of HCEC-specific identity markers, and the expression of proteins expressed ubiquitously in tight junction complexes is often cited for identity criteria.^[@i1552-5783-57-6-2749-b40],[@i1552-5783-57-6-2749-b41]^ For example, we found cultured HCECs expressed such markers including the tight junction protein ZO-1 and the channel Na^+^/K^+^-ATPase. Human corneal endothelial cells in culture, morphologically similar to cells represented in [Figures 1](#i1552-5783-57-6-2749-f01){ref-type="fig"}B to [1](#i1552-5783-57-6-2749-f01){ref-type="fig"}E, immunostained for ZO-1 exhibited typical honeycomb staining at the tight junctions, while Na^+^/K^+^-ATPase expression was found basolaterally ([Fig. 2](#i1552-5783-57-6-2749-f02){ref-type="fig"}A), but Na^+^/K^+^-ATPase was also expressed by HCECs with fibroblastic morphology ([Fig. 2](#i1552-5783-57-6-2749-f02){ref-type="fig"}B), thus failing to identify canonical HCECs specifically. We also examined the barrier function of the HCEC monolayer using a TEER assay, where higher resistance values indicate less permeability at intercellular junctions and therefore, better function. We hypothesized that cells undergoing EnMT and demonstrating fibroblastic morphology would have lower barrier function. We found that cultures with the canonical cobblestone-like morphology reached significantly higher TEER values than fibroblastic cultures, and cultures with mixed morphology of fibroblastic and hexagonal cells demonstrated intermediate values of TEER ([Fig. 2](#i1552-5783-57-6-2749-f02){ref-type="fig"}C). Thus, HCECs can be identified by the expression of a combination of markers, and their function can be determined by TEER, but the markers used routinely may not have the ability to differentiate canonical HCECs from fibroblastic HCECs or stromal fibroblasts

![Cultured HCECs express characteristic tight-junction-associated markers. (**A**) Confocal micrographs of cultured HCECs immunostained for ZO-1 and Na/K-ATPase; nuclei were counter-stained with DAPI. *Scale bar*: 50 μm. (**B**) *Bar graph* showing no difference between canonical and fibroblastic HCECs in Na/K-ATPase expression by flow cytometry (*N* = 3). Histograms of one representative flow cytometry run show no difference in Na/K-ATPase expression between canonical and fibroblastic cells. (**C**) Human corneal endothelial cells function assessed by TEER measurements from different HCEC cultures. A bovine corneal endothelial cell line (BCEC-line) was used as positive control (*N* = 4). *P* values resulting from the statistical analysis of TEER measured on canonical HCECs compared with mixed 1, mixed 2, and fibroblastic HCECs are presented in the [Table](#i1552-5783-57-6-2749-t01){ref-type="table"} below the *graph*.](i1552-5783-57-6-2749-f02){#i1552-5783-57-6-2749-f02}

###### 

Top 10 HCEC Surface Markers

![](i1552-5783-57-6-2749-t01)

Canonical HCECs Express a Subset of Specific Markers That Define Their Identity {#s3c}
-------------------------------------------------------------------------------

Because the routinely used markers such as ZO-1^42^ appear insufficient to distinguish between canonical and fibroblastic HCECs, ([Fig. 2](#i1552-5783-57-6-2749-f02){ref-type="fig"}), and identifying specific markers for HCECs with the highest barrier function remains a major interest, we next tried to find surface markers to discern between these cell phenotypes. We performed a microarray analysis comparing the transcriptomes of freshly dissected corneal layers (epithelium, stroma, and endothelium) and of P0-cultured HCECs, and found that of 28,869 probes, 23,286 (81%) were expressed by at least two of three replicates within at least one condition. Ignoring level of expression, many genes were expressed by multiple tissues but some were expressed by subsets or uniquely in single tissues or cells ([Fig. 3](#i1552-5783-57-6-2749-f03){ref-type="fig"}A). Principal component analysis revealed four distinct clusters that matched the different tissue samples ([Fig. 3](#i1552-5783-57-6-2749-f03){ref-type="fig"}B). There was very little intersample variability, with Pearson\'s correlation (*r*^2^) greater than 0.94 ([Fig. 3](#i1552-5783-57-6-2749-f03){ref-type="fig"}C). Using hierarchical clustering we found that cultured HCECs were more similar to endothelium than to stroma and epithelium ([Fig. 3](#i1552-5783-57-6-2749-f03){ref-type="fig"}D). Thus transcriptomic analysis points to the consistency of cell types in vitro and to the similarity between HCECs in vivo and in vitro.

![Transcriptome analysis of corneal layers and cultured HCECs. (**A**) *Venn diagram* representing the probes expressed in the microarray dataset in the three corneal layers and freshly cultured HCECs. (**B**) Principal component analysis revealed distinct clusters per sample type as labeled; biological replicates (*dots* with the same color) clustered together. (**C**) Pearson correlation (*r*^2^) was higher within biological replicates than across different tissues (*N* = 3). (**D**) Hierarchical clustering demonstrated that HCECs and endothelium were more closely related than epithelium and stroma.](i1552-5783-57-6-2749-f03){#i1552-5783-57-6-2749-f03}

We subsequently focused our analysis on a subset of surface markers with high expression in the endothelium (P0-HCECs and freshly dissected tissue) but low expression in stroma, and that did not differ significantly between cultured or fresh endothelium ([Table](#i1552-5783-57-6-2749-t01){ref-type="table"}). To address whether the expression of such markers in HCECs was affected by fibroblastic EnMT, HCEC cultures demonstrating canonical, mixed and fibroblastic morphologies ([Figs. 5](#i1552-5783-57-6-2749-f05){ref-type="fig"}A--C) were assessed for expression of the surface proteins CD56, CAR, CD248, and CD109 by flow cytometry. In a series of independent experiments, we observed a significant difference between canonical and fibroblastic cells in the expression of CD56, CAR, CD248, and CD109 surface markers ([Figs. 5](#i1552-5783-57-6-2749-f05){ref-type="fig"}D--G). Whereas 97% of canonical HCECs were positive for CD56, 92% for CD248, and 82% were positive for CAR, these markers decreased as the cells lost their canonical morphology and became fibroblastic. Conversely, CD109 expression was less often detected in canonical HCECs (26% on average), and increased in expression when the cells underwent EnMT to 52% in fibroblastic cell cultures. Quadrant dot plots of canonical and fibroblastic cultures ([Figs. 6](#i1552-5783-57-6-2749-f06){ref-type="fig"}A--F) revealed that canonical HCECs were mostly CD56^Hi^/CD248^Hi^/CAR^Hi^/CD109^Lo^. Thus, this series of markers detects shifts in cultured human HCECs from canonical to fibroblastic morphology.

![(**A**) Graphical outline of the gating process. (**B**) Representative 2D dot plots showing no difference in size and internal complexity between unstained canonical and unstained fibroblastic HCECs. (**C**) Representative histogram showing no difference in baseline fluorescence between unstained canonical and fibroblastic HCECs.](i1552-5783-57-6-2749-f04){#i1552-5783-57-6-2749-f04}

![Flow cytometry analysis of surface markers expression differentiates HCEC subpopulations in culture. (**A**--**C**) Three morphologically distinct HCEC cultures, canonical, mixed, and fibroblastic as marked, were carried forward for flow cytometry. (**D**--**G**) Surface marker expression by flow cytometry. Flow cytometry histograms are representative illustrations of each antibody expression profile. For quantification, a threshold at the top 1% of negative control cells was set to identify positive cells throughout all the independent experiments. Quantification of the percentage of positive cells for each marker showed that CD56 (**D**), CD248 (**E**), and CAR (**F**) expressions are low in a fibroblastic culture, while CD109 (**G**) is high. Data is representative of three or more independent experiments from separate corneal cultures (CD56: *N* = 10; CD109: *N* = 6; CD248: *N* = 3; CAR: *N* = 4; *P* values: \#0.1; \*\<0.05; \*\*\<0.001; \*\*\*\<0.0001).](i1552-5783-57-6-2749-f05){#i1552-5783-57-6-2749-f05}

![(**A**--**C**) Flow cytometry analysis by dual-color fluorescent dot plot histograms for the canonical (**A**), mixed (**B**), and fibroblastic (**C**) HCEC cultures show shift in the expression of CD56, CD248, CAR, and CD109 surface markers. Each *graph* is divided into *four quadrants* determined by the autofluorescence of unstained control cells as in [Figure 4](#i1552-5783-57-6-2749-f04){ref-type="fig"}, and gated to include 99% of unstained cells in the lower left quadrant (all negative markers). (**D**--**F**) Quantification of the percentage of canonical, fibroblastic, and mixed cell populations expressing markers tested in pairs, as marked. (**G**) Quantification of flow cytometry experiments showing no difference between canonical and fibroblastic cells in CD166/ALCAM, CD73, CD9, CD90, and β~1~Na^+^/K^+^ ATPase expression. (**H**) Transendothelial electrical resistance assay using in vitro expanded HCECs whose CD56 expression had been determined by flow cytometry, demonstrating the greater ability of canonical CD56^high^ cells than fibroblastic CD56^low^ to form a barrier.](i1552-5783-57-6-2749-f06){#i1552-5783-57-6-2749-f06}

Recently other groups reported the expression of CD73, CD166, CD9, and CD90 in corneal endothelial cells.^[@i1552-5783-57-6-2749-b43],[@i1552-5783-57-6-2749-b44]^ We analyzed by flow cytometry canonical and fibroblastic HCECs in passages two to three and five through eight, respectively, and the high expression of those markers did not vary with morphology ([Fig. 6](#i1552-5783-57-6-2749-f06){ref-type="fig"}G). Thus, while these markers may be used to identify HCECs, they may not be adequate to select cell phenotypes based on morphology or function.

Finally, we examined whether marker expression predicted functional capacity in an in vitro TEER assay. We used confluent HCECs that we plated for TEER, isolating a subset to be tested by flow cytometry for CD56 expression. Cells exhibiting a canonical morphology and a CD56^high^ marker expression demonstrated a superior barrier formation ability measured by TEER, compared with morphologically mixed or fibroblastic, CD56^low^ cells ([Fig. 6](#i1552-5783-57-6-2749-f06){ref-type="fig"}H). Thus, surface makers together with morphology can be used to characterize a functionally superior HCEC culture.

Discussion {#s4}
==========

Corneal endothelial insufficiency is currently treated by different variants of corneal transplant, replacing either the whole cornea or the endothelial layer. These are limited by tissue availability, access to highly trained specialists, surgical complications, immune rejection, and cost. Here we describe steps toward corneal endothelial cell therapy based on in vitro culture, expansion and identification of high quality, functional HCECs.^[@i1552-5783-57-6-2749-b45]^ A successful culture starts with good quality donor tissue: the origin and qualities of the donor cornea including donor age, health status, and use of chemotherapy or other toxic substances play a large part in proliferative potential, morphology, and function.^[@i1552-5783-57-6-2749-b34],[@i1552-5783-57-6-2749-b46],[@i1552-5783-57-6-2749-b47]^ Here, we also documented the positive correlation between younger donor age and proliferation and total cell yield.

With increasing numbers of passages in culture, EnMT often occurs and the HCECs lose their canonical cobblestone morphology and functional efficacy in barrier formation, in vitro and in vivo.^[@i1552-5783-57-6-2749-b31],[@i1552-5783-57-6-2749-b48]^ Molecular and cellular mechanisms are not yet completely understood, but inflammatory molecules such as IL-1β have been implicated in initiating a cascade of events leading to the activation of PI-3 kinase and fibroblast growth factor 2.^[@i1552-5783-57-6-2749-b49][@i1552-5783-57-6-2749-b50][@i1552-5783-57-6-2749-b51]--[@i1552-5783-57-6-2749-b52]^ To date, medium optimization, addition of growth factors and optimization of growth substrates have increased cell yields of HCEC cultures, but may not prevent fibroblastic transformation. Given the loss of function of fibroblastic HCECs, the ability to identify and select functional canonical cells in a mixed culture is critical. Our data confirms in canonical cultures the expression of ZO-1 and Na^+^/K^+^/ATPase, typical markers of the endothelial monolayer.^[@i1552-5783-57-6-2749-b53],[@i1552-5783-57-6-2749-b54]^ However, these markers are expressed by canonical HCECs only while confluent and forming tight junctions, and their expression decreases once the cells are removed from a monolayer.

This underlines the necessity for identifying other markers for canonical HCECs in suspension. To pursue this, we used microarray analysis of corneal epithelial, stromal, and endothelial tissue, as well as in vitro cultured HCECs to isolate candidate surface markers present either exclusively in the stroma, or in both the native endothelium and the in vitro cultured HCECs. We further tested the expression levels of nine of these candidate markers by flow cytometry in canonical, mixed, and fibroblastic in vitro cultured HCECs. We found four surface-expressed proteins that differ significantly between canonical and fibroblastic HCECs.

CD56, or neural cell adhesion molecule (NCAM), is a surface glycoprotein that exists in multiple isoforms^[@i1552-5783-57-6-2749-b55][@i1552-5783-57-6-2749-b56]--[@i1552-5783-57-6-2749-b57]^ and is expressed by multiple cell types.^[@i1552-5783-57-6-2749-b58][@i1552-5783-57-6-2749-b59][@i1552-5783-57-6-2749-b60]--[@i1552-5783-57-6-2749-b61]^ It plays an important role in cell adhesion and cell interactions,^[@i1552-5783-57-6-2749-b62],[@i1552-5783-57-6-2749-b63]^ migration,^[@i1552-5783-57-6-2749-b64]^ and embryogenesis.^[@i1552-5783-57-6-2749-b65]^ Neural cell adhesion molecule expression has been demonstrated in the embryonic chick cornea,^[@i1552-5783-57-6-2749-b66]^ with decrease in expression and localization toward the posterior regions of the cornea after birth. Neural cell adhesion molecule has also been localized to the mouse retina^[@i1552-5783-57-6-2749-b67]^ and human adult corneal endothelium,^[@i1552-5783-57-6-2749-b68]^ consistent with HCECs\' embryologic origin from neural crest cells.^[@i1552-5783-57-6-2749-b69]^ Neural cell adhesion molecule is expressed by HCECs produced in vitro, however, as the cells undergo EnMT, its expression decreases. Importantly, we found that CD56 expression in cultures also correlated with higher functional barrier capacity in TEER assays. CD248, or endosialin, belongs to the family of C-type lectin transmembrane receptors that may play a role in cell--cell adhesion, host defense, and tumor neoangiogenesis,^[@i1552-5783-57-6-2749-b70][@i1552-5783-57-6-2749-b71][@i1552-5783-57-6-2749-b72]--[@i1552-5783-57-6-2749-b73]^ but their role in HCEC biology is unknown. A third canonical marker identified here, Coxsackie adenovirus receptor (CAR), is part of the junctional adhesion molecules (JAMs) family known to participate in a variety of cellular processes, such as leukocyte-platelet-vascular endothelium interactions,^[@i1552-5783-57-6-2749-b74],[@i1552-5783-57-6-2749-b75]^ and tight-junction formation in epithelial and endothelial cells.^[@i1552-5783-57-6-2749-b76][@i1552-5783-57-6-2749-b77]--[@i1552-5783-57-6-2749-b78]^ The presence of CAR in the corneal endothelium was previously described,^[@i1552-5783-57-6-2749-b79]^ but its biological significance remains unknown. Finally, CD109, a cell surface antigen involved in the TGF-β pathway,^[@i1552-5783-57-6-2749-b80]^ has been studied in white blood cells, vascular endothelial cells,^[@i1552-5783-57-6-2749-b81]^ keratinocytes,^[@i1552-5783-57-6-2749-b82]^ and activated platelets.^[@i1552-5783-57-6-2749-b83]^ Its expression increases in some malignancies,^[@i1552-5783-57-6-2749-b84]^ an interesting observation consistent with our data demonstrating increased expression as HCECs undergo EnMT. For all of these new markers, further investigation is necessary to explain underlying mechanisms leading to these expression shifts.

Other potential candidates have been identified from microarray analyses and tested via flow cytometry to differentiate canonical HCECs from HCECs undergoing EnMT, including CD166 (ALCAM), expressed in corneal epithelial limbal stem cells^[@i1552-5783-57-6-2749-b85]^ but also in corneal stromal stem cells,^[@i1552-5783-57-6-2749-b86]^ CD90,^[@i1552-5783-57-6-2749-b87]^ expressed in corneal stromal fibroblasts, but also in canonical corneal endothelial cells, and CD73 and CD9.^[@i1552-5783-57-6-2749-b43]^ For these last two, no difference between corneal layers was detected by microarray, and further testing by flow cytometry remained negative in our experiments. Given our testing of both gene and protein expression, and use of exclusively human corneal tissue and primary corneal endothelial cells, these data raise questions as to whether CD9 and CD73 will be useful markers to differentiate canonical from fibroblastic HCECs.

Together, the specific surface markers identified here and their correlation to cell function represent a novel set of criteria for the selection of in vitro expanded HCECs that we would hypothesize are most likely to be functionally competent to replace damaged corneal endothelial cells, and thus represent a step toward HCEC therapy. Along with HCEC culture and cell characterization, effort directed toward delivering in vitro cultured HCECs to the patient\'s endothelial surface is focused on injectable cell therapies,^[@i1552-5783-57-6-2749-b28],[@i1552-5783-57-6-2749-b88][@i1552-5783-57-6-2749-b89]--[@i1552-5783-57-6-2749-b90]^ and transplantable corneal scaffolds.^[@i1552-5783-57-6-2749-b91][@i1552-5783-57-6-2749-b92][@i1552-5783-57-6-2749-b93][@i1552-5783-57-6-2749-b94][@i1552-5783-57-6-2749-b95][@i1552-5783-57-6-2749-b96]--[@i1552-5783-57-6-2749-b97]^ Ongoing efforts should demonstrate the feasibility of HCEC in vitro expansion, selection of cultured HCECs with highest function, and development of cell delivery approaches. Recent animal studies using corneal endothelial cells revealed that the cells integrate in vivo to the host endothelium, and are able to restore corneal transparency after injury,^[@i1552-5783-57-6-2749-b28],[@i1552-5783-57-6-2749-b98]^ but many questions such as dosage and stability remain unanswered. Our donor tissue selection criteria, together with the exhaustive characterization provided in this study, are essential for obtaining high quality, functional cultured HCECs, bringing us a step closer to the clinic with a human corneal endothelial cell therapy.
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